Deptor is an mTOR binding protein that affects cell metabolism. We hypothesized that knockdown (KD) of Deptor in C2C12 myocytes will increase protein synthesis via stimulating mTOR-S6K1 signaling. Deptor KD was achieved using lentiviral particles containing short hairpin (sh)RNA targeting the mouse Deptor mRNA sequence, and control cells were transfected with a scrambled control shRNA. KD reduced Deptor mRNA and protein content by 90%, which increased phosphorylation of mTOR kinase substrates, 4E-BP1 and S6K1, and concomitantly increased protein synthesis. Deptor KD myoblasts were both larger in diameter and exhibited an increased mean cell volume. Deptor KD increased the percentage of cells in the S phase, coincident with an increased phosphorylation (S807/S811) of retinoblastoma protein (pRb) that is critical for the G 1 to S phase transition. Deptor KD did not appear to alter basal apoptosis or autophagy, as evidenced by the lack of change for cleaved caspase-3 and light chain (LC)3B, respectively. Deptor KD increased proliferation rate and enhanced myotube formation. Finally, in vivo Deptor KD (~50% reduction) by electroporation into gastrocnemius of C57/BL6 mice did not alter weight or protein synthesis in control muscle. However, Deptor KD prevented atrophy produced by 3 d of hindlimb immobilization, at least in part by increasing protein synthesis. Thus, our data support the hypothesis that Deptor is an important regulator of protein metabolism in myocytes and demonstrate that decreasing Deptor expression in vivo is sufficient to ameliorate muscle atrophy.
INTRODUCTION
Skeletal muscle serves as the largest protein reservoir in the body, and its mass represents a balance between rates of protein synthesis and degradation in the tissue. The process of protein synthesis is tightly regulated because of its high demand for cellular energy. Of the three regulatory steps involved in protein synthesis-translation initiation, elongation and termination-initiation plays the most significant role in regulating mRNA translation (1) (2) (3) . At a molecular level, mTOR (mammalian target of rapamycin) kinase is a key regulator of translation initiation, being activated upon feeding and conversely inhibited in response to catabolic insults such as sepsis, excess glucocorticoids, alcohol or disuse atrophy (4) (5) (6) (7) . Exposure of muscle to growth factors and nutrients increases initiation via the mTOR pathway, thereby stimulating protein synthesis (3, (8) (9) (10) .
mTOR is sequestered within two distinct complexes: mTOR complex (mTORC)-1 and mTORC2. mTORC1 is composed of mTOR, raptor (regulatoryassociated protein of TOR), LST8/ G-protein β-subunit-like protein (GβL), proline-rich Akt substrate 40 kDa (PRAS40) and Deptor (DEP-domain containing partner of TOR) (11) (12) (13) (14) . In contrast, mTORC2 consists of mTOR, rictor (rapamycin-insensitive companion of mTOR), LST8/GβL, PRR5L (proline-rich protein 5-like), protor (protein observed with Rictor-1) and Deptor (5, 15, 16) . As noted above, Deptor is a constituent of both mTOR complexes and is considered a negative regulator of mTOR function, since Deptor knockdown increases phosphorylation of signaling substrates downstream of both mTORC1 and mTORC2 (15) . Conversely, overexpression of Deptor in cell culture models inhibits signaling pathways downstream of both mTOR-containing complexes. Additionally, in the absence of growth factors or in the presence of mTOR inhibitors, the mTOR-Deptor binding is strengthened, which thereby decreases mTOR activity and suppresses cap-dependent protein translation initiation (17) .
Deptor is also a phospho-protein and as such can undergo posttranslational modification that affects its binding to mTOR. For example, in response to growth factor signaling, Deptor is phosphorylated and quickly degraded via the ubiquitin proteasome system pathway (15, 16) . Despite the few reports implicating Deptor as a regulator of translation initiation in cancer and transformed cells, there is a paucity of information related to its role in regulating other cellular functions, especially in skeletal muscle. Given the essential role mTOR plays in regulating protein translation initiation, cell cycle and proliferation, we posited that one or more of these mTOR functions are regulated by Deptor in myocytes. Therefore, the purpose of our current investigation was to examine changes in C2C12 myocyte protein synthesis, cell proliferation and cell cycle in response to Deptor knockdown (KD) using short hairpin (sh)-RNA-based in vitro experimental approaches. In addition, we previously reported that the inhibition of mTORC1 activity observed in response to sepsis or glucocorticoid excess was associated with an increase in Deptor protein level (4) . Therefore, we also assessed whether in vivo Deptor KD by electroporation could ameliorate the decrease in muscle mass and protein synthesis seen in a catabolic condition associated with an elevation in Deptor.
MATERIALS AND METHODS

Cell Culture
C2C12 myoblasts (American Type Culture Collection, Manassas, VA, USA) were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/mL), streptomycin (100 μg/mL) (all from Mediatech, Herndon, VA, USA) under 5% CO 2 at 37°C. To assess basal mTOR activity, experiments measuring protein synthesis and the phosphorylation of mTOR substrates were performed using 2% FBS without antibioticsantimycotics for 8 h. 5-Aminoimidazole-4-carboxamide-1-β-D-ribonucleoside (AICAR; Toronto Research Chemicals, Toronto, Canada), when present, was added at a final concentration of 2 μmol/L.
Insulin-like growth factor (IGF)-I (Genentech, San Francisco, CA, USA), when present, was used at a final concentration of 100 ng/mL for the last 1 h of the experiment. These doses maximally suppress and stimulate protein synthesis in C2C12 myocytes, respectively (18, 19) .
shRNA Interference
We used the lentiviral plasmid pLKO.1-mDeptor described by Peterson et al. (15) , which targeted the mouse sequence 5′-CCG GCG CAA GGA AGA CAT TCA CGA TCT CGA GAT CGT GAA TGT CTT CCT TGC GTT TTT G-3′ (Addgene plasmid 21337; Addgene, Cambridge, MA, USA). The scramble shRNA used as a negative control was previously reported (20) with a hairpin sequence: CCT AAG GTT AAG TCG CCC TCG CTC TAG CGA GGG CGA CTT AAC CTT AGG (Addgene plasmid 1864). The plasmids were isolated using the Qiagen EndoFree Giga prep kit (Qiagen, Valencia, CA, USA). The actual DNA sequence was confirmed at the Pennsylvania State University College of Medicine DNA sequence core facility. Packaging plasmids psPAX2 and envelope protein plasmid pMD2.G were obtained from the Torono Lab (Addgene plasmid 12260 and 12259, respectively). HEK293FT cells (Invitrogen) were grown in DMEM; 80-85% confluent plates were rinsed once with Opti-MEM (Invitrogen) and then incubated with Opti-MEM for 4 h before transfection. psPAX2 and pMD2.G, along with either scramble or pLKO.1-mDeptor, were added after mixing with Lipofectamine 2000, as per the manufacturer's instructions (Invitrogen). Opti-MEM was changed after overnight incubation with DMEM containing 10% FBS without antibiotics to allow cells to take up plasmids and recover. Culture media was collected at 36 and 72 h, and viral particles present in the supernatant were harvested after a 15-min spin at 1,500g to remove cellular debris. The supernatant was then further filtered using a 0.45-μm syringe filter. Supernatant-containing virus was either stored at -80°C for long-term storage or at 4°C for immediate use. Low-passage C2C12 cells at <60% confluence were infected twice overnight with 3 mL viral supernatant containing 8 μg/mL polybrene in serumfree-antibiotic-free DMEM. Fresh DMEM containing 10% FBS, antibiotics and 2 μg/mL puromycin (Sigma, St. Louis, MO, USA) was added the next day. Cells that survived under puromycin selection were either harvested (as stable cells) and stored or used immediately.
35
S-Methionine Labeling C2C12 myocytes were grown in sixwell plates and treated as above. Protein synthesis was measured on 60% confluent myoblasts. For metabolic labeling, 10 μCi radiolabeled 35 S-methionine (MP BioMedicals, Salon, OH, USA) was added to each well of a six-well plate for 1 h, and radiolabel incorporation into trichloroacetic acid (TCA) precipitable proteins was measured via liquid scintillation as previously described (5).
Immunoblot Analysis and Immunoprecipitation
After treatment, cells were rinsed two times with cold phosphate-buffered saline (PBS) and collected on ice in lysis buffer (20 mmol 
, 1 mmol/L benzamidine, 1 mmol/L sodium orthovanadate and 2 μg/mL leupeptin). Lysates were sonicated for 10 min and then kept on a rocker for 30 min at 4°C before being clarified (14,000g for 10 min at 4°C). A portion of the resulting cell supernatant was used to determine protein concentration via a bicinchoninic acid assay (Pierce, Rockford, IL, USA). Sample buffer (5×) was added, and samples were loaded according to total protein content (20 μg) on polyacrylamide gels for separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to polyvinylidene fluoride (PVDF) membrane (Biotrace; PALL, Pensacola, FL), blocked in 5% nonfat dry milk and incubated overnight at 4°C with phospho-specific and total antibodies (all from Cell Signaling Technology, Boston, MA, USA, unless otherwise noted) for raptor (S792), mTOR (S2448), ribosomal protein S6 kinase-1 (S6K1; T389), PRAS40 (T246; Biosource, Camarillo, CA, USA), eukaryotic initiation factor (eIF) 4E-binding protein 1 (4E-BP1) (T37/46), Akt (S473), eIF4B (S422), 5′ AMP-activated protein kinase (AMPK; T172), cleaved caspase-3, poly (ADP-ribose) polymerase (PARP), microtubule-associated proteins light chain (LC)3B, retinoblastoma protein (pRb) (S807/S811), β-tubulin and p53. Antibodies for total pRb, p21, p27, cyclindependent kinase (cdk)-2, cdk-4, cdk-6 and β-actin (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA) and for Deptor (Millipore, Billerica, MA, USA) were also used. Excess primary antibody was removed by washing in 1 × [Trisbuffered saline (TBS)] + 0.1% Tween 20, and membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse secondary antibody (Sigma). Blots were rinsed with 1 × TBS + 0.1% Tween 20 to remove excess secondary antibody and were treated with enhanced chemiluminescence (ECL plus) Western blotting reagents (Amersham, Piscataway, NJ, USA) and then developed using the Gnome (Syngene, Cambridge, UK). Uncompressed tiff images were analyzed using National Institutes of Health (NIH) ImageJ 1.6 software. After development, blots were stripped and incubated with antibodies for total proteins on blots that were probed earlier with phosphospecific antibodies. Antibodies against β-actin or β-tubulin served as an additional control for equal protein loading of samples.
RNA Extraction and Quantitation
Total RNA was isolated from C2C12 myocytes transfected with either scramble or Deptor shRNA using an RNeasy mini kit (Qiagen). For animal tissue, total RNA was isolated from 35 to 50 mg skeletal muscle using 1 mL Tri-reagent (Molecular Research Center, Cincinnati, OH, USA). The RNA pellet was reconstituted in 100 μL RNase-free water and subjected to RNA cleanup using an RNeasy mini kit. On the column, DNase I treatment was performed to remove any residual DNA contamination. RNA was eluted from the column with 30-50 μL RNase-free water, and the total RNA (1-2 μL) concentration was determined (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA, USA).
Reverse Transcription
Total RNA (1-5 μg) was primed with 200 ng oligo dT, 100 ng random primer and 0.5 mmol/L dNTP mix at 65°C for 5 min and then kept on ice for 1-2 min. cDNA was synthesized from the primed reaction using 200 units of superscript III reverse transcriptase, 40 units of RNaseOut, 1 × first-strand buffer and 5 mmol/L dithiothreitol in a 20-μL reaction (Invitrogen). The reaction was incubated at 25°C for 5 min and then at 50°C for 1 h, followed by 70°C for 15 min to inactivate the reverse transcriptase. To control for residual DNA contamination, each RNA sample was subjected to cDNA synthesis as described above without the superscript-III transcriptase. The cDNA was stored at -20°C.
Real-Time Quantitative Polymerase Chain Reaction
Real-time quantitative polymerase chain reaction (PCR) using primers shown in Table 1 was performed using 25-65 ng cDNA in a StepOnePlus system using TaqMan gene expression assays and the gene expression master mix (Applied Biosystems, Foster City, CA, USA). The cycling parameters were an initial 50°C for 2 min and 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. Real-time PCR quantitation was on the basis of C t values, where C t is defined as the PCR cycle number that crosses an arbitrary signal threshold on the amplification plot. The comparative quantitation method 2 -ΔΔCt was used in presenting gene expression of target genes in reference to an endogenous control, and 2 -ΔCt was used in presenting expression of each housekeeping gene in validating the use of the endogenous control gene. ΔC t is expressed as the difference between the target and control samples (C t target -C t control ).
Cell Cycle
Myoblasts were transfected with either a scramble (control) shRNA or an shRNA targeting Deptor. Cells were seeded in 10-cm dishes and used at 60% confluence (~24 h after seeding). Cells were trypsinized, washed with Dulbecco's PBS (Invitrogen) and fixed in cold 70% ethanol overnight at -20°C. Cells were then stained with 100 μg/mL solution of propidium iodide buffer containing 0.1% Triton-X100 and 0.001% DNAse-free RNAse at 37°C for 30 min immediately before fluorescence-activated cell sorter (FACS) analysis. A total of 20,000 cells per sample were counted, and the cell cycle phase was measured by propidium iodide staining intensity using a Becton Dickinson FACS-Calibur flow cytometer (Becton Dickinson, Bedford, MA, USA) and ModFit software LT, version 3.2 (Verity Software, Topsham, ME, USA).
R E S E A R C H A R T I C L E
Cell Size and Proliferation
To determine cell size, stably transfected myoblasts were seeded in 10-cm dishes and used at 60% confluence. For cell number, cells were seeded at similar densities and counted at different time points. Myoblasts were trypsinized and suspended in DMEM with 10% FBS. Cells were then diluted in Isoton II solution (Beckman Coulter, Fullerton, CA, USA) and assayed using the Beckman Coulter Counter and particle size analyzer (Beckman Coulter). Cell size analysis was performed using the AccuComp ® Z2 Coulter
Counter software (Beckman Coulter).
MTT Assay
C2C12 myoblasts (~10,000/well) were grown in a 96-well plate for 24 h and then rinsed with PBS to remove the interfering phenol red from the DMEM. This step was followed by the addition of 50 μg methylthiazoletetrazolium (MTT; Sigma) per 100 μL PBS to cells in each well for 4 h at 37°C (21) . MTT containing PBS was aspirated, and 100 μL DMSO was added to each well to dissolve the resulting formazan, and absorbance at 570 nm was quantified using a Spectramax plate reader (Molecular Devices, Sunnyvale, CA, USA).
Cell Differentiation
Approximately 0.5 × 10 6 myoblasts transfected with scramble control or Deptor KD plasmids were seeded in 10-cm plates and photographed daily using a Nikon digital camera (Nikon, Tokyo, Japan) mounted on a binocular microscope using a 10× objective lens. Images were composed and edited in Photoshop 7.0 (Adobe Systems, San Jose, CA, USA). Background was reduced using contrast and brightness adjustments to enhance reprint, and all modifications were applied to the whole image. Similarly treated plates were collected at days 3, 5, 7 and 9 for Western blotting to measure myosin heavy chain (MHC) expression as a functional end point to measure differentiation biochemically, since myoblasts were allowed to fuse and form differentiated postmitotic myotubes by switching the media to 2% horse serum once the plates were confluent (days 3-4).
Cell Apoptosis and Autophagy Controls
Deptor KD and scramble control myoblasts of the same passage were treated with 2 μmol/L staurosporine in culture media for 4 h to induce apoptosis and were collected in the CHAPS media. To induce autophagy, C2C12 myoblasts were treated with Hanks' balanced salt solution (HBSS) for 6 h, and cells were collected in CHAPS buffer.
Animals
Animal facilities and experimental protocols were reviewed and approved by the Institutional Animal Care and Use Committee of The Pennsylvania State University College of Medicine and complied with the NIH Guide for Care and Use of Laboratory Animals. Adult male C57/BL6 mice (~23-28 g body weight; Charles River Breeding Laboratories, Cambridge, MA, USA) were maintained on a 12:12-h light-dark cycle, with water and food (Rodent Chow 8604; HarlanTeklad, Madison, WI) provided ad libitum.
In Vivo Electroporation
Mice were briefly anesthetized with isoflurane (2-3% in O 2 ) for plasmid injection, in vivo electroporation and subsequent hindlimb immobilization. Once mice were anesthetized, the lower hindlimbs were shaved to expose the skin, swabbed with 70% alcohol and airdried to clean the injection site. Plasmid DNA (100 μg total in 100 μL 0.9% sterile saline) was slowly injected at multiple sites (approximately four) directly into the gastrocnemius through the skin via a 1-mL insulin syringe fitted with a 28-gauge needle (Becton Dickinson). A plasmid-targeting Deptor was injected into both the right and left gastrocnemius of one cohort of mice, whereas a second group of mice received bilateral injection of the scrambled control plasmid. Square-wave electric impulses generated by an electroporator (model ECM 830; BTX, San Diego, CA, USA) were delivered to muscle in both legs via caliper electrodes (model 384; BTX) coated with electrode conductive gel. The electrodes were applied to the lower hindlimb with only slight pressure to ensure proper contact. Pulse trains were delivered with a 200 V/cm field strength (eight pulses, 40 ms/pulse, 100-ms interval) on the basis of previously described parameters (22) (23) (24) . Careful excision of the transfected muscle was performed 72 h after the electroporation procedure (see below). Parameters for in vivo electroporation were optimized in preliminary studies and are comparable to those reported by others (22) (23) (24) (25) .
Hindlimb Immobilization
Following in vivo electroporation, one hindlimb was wrapped with a single layer of surgical tape. Superglue was then applied to the tape and a 1.5-mL plastic microfuge tube without the lid was placed over the leg, maintaining the foot in a plantar-flexed position. The contralateral leg was not immobilized and functioned as the internal control. The contralateral leg does not undergo hypertrophy, and the validity of this unilateral hindlimb immobilization was previously reported (26, 27) . Food consumption of mice with the Deptor KD plasmid did not differ from mice that received control plasmid (control = 4.3 ± 0.3 g/d; Deptor KD = 4.2 ± 0.4 g/d). Thus, in vivo studies generated muscles in four experimental groups: (i) muscle injected with control plasmid that remained mobile, (ii) muscle injected with control plasmid but was then immobilized, (iii) muscle injected with Deptor KD plasmid that remained mobile and (iv) muscle injected with Deptor KD plasmid and was immobilized.
In Vivo Protein Synthesis
The in vivo rate of protein synthesis in the gastrocnemius (hereafter called muscle) was determined in control and Deptor KD-treated mice 3 d after plasmid electroporation and immobilization. Protein synthesis was determined using the flooding-dose technique, exactly as described (28, 29) . Mice were injected intraperitoneally with [ 3 H]-L-phenylalanine (150 mmol/L, 30 μCi/mL, 1 mL/100 g body wt), and blood was collected 15 min later for determining the plasma phenylalanine concentration and radioactivity. Thereafter, muscles were rapidly excised, freeze-clamped and then stored at -70°C. Muscle was processed exactly as previously described (30, 31) . The rate of protein synthesis was calculated by dividing the amount of radioactivity incorporated into protein by the plasma phenylalanine-specific radioactivity, and the advantages and disadvantages of this method have been reviewed (32) . The specific radioactivity of the plasma phenylalanine was measured by high-performance liquid chromatography analysis of supernatant from TCA extracts of plasma.
Statistics
Results for individual cell experiments (n ≥ 6) were replicated in at least three independent experiments and, when applicable, are presented as means ± SE calculated from the pooled data. Data were analyzed by an unpaired Student t test in two-group comparisons or with analysis of variance (ANOVA) and Tukeys posttest in multigroup comparisons to determine treatment effect when ANOVA indicated a difference among the means. GraphPad Prism version 5.0 (GraphPad Software, La Jolla, CA, USA) was used for analysis. Differences between groups were considered significant at P < 0.05.
All supplementary materials are available online at www.molmed.org.
RESULTS
Effect of Deptor Knockdown in C2C12 Myoblasts
shRNA directed toward Deptor in C2C12 myoblasts reduced Deptor protein levels by >90%, compared with scramble control values ( Figures 1A, B) . As expected, Deptor knockdown also reduced the Deptor mRNA content by ~95% in infected C2C12 cells ( Figure 1C) .
The knockdown of Deptor increased global protein synthesis by ~50% under basal conditions ( Figure 1D ). To determine if the change in global protein synthesis involved mTOR-mediated signal transduction events, we performed Western blotting for mTOR substrates and binding partners. Deptor KD significantly (P < 0.05) increased phosphorylation of mTORC1 substrates S6K1 (T389) (control = 100 ± 5 arbitrary units (AU); Deptor KD = 151 ± 7 AU) and 4E-BP1 (T37/46) (control = 100 ± 10 AU; Deptor KD = 129 ± 4 AU). However, the increased phosphorylation of 4E-BP1 resulted from a concomitant and comparable increase in total 4E-BP1 protein expression in these myocytes. In addition, Deptor KD also increased (P < 0.05) the phosphorylation (T246) of PRAS40 (control = 100 ± 17 AU; Deptor KD = 193 ± 7 AU), an mTORC2 substrate (Figure 1E) . To assess off-target effects of the shRNA-mediated Deptor KD, we performed Western blot analysis for proteins critical to the mTOR signaling pathway, including mTOR, raptor and S6K1 and found that there were no changes in the total protein content for these proteins (see Figure 1E and Figure 2B ).
To determine whether Deptor KD altered myocyte responsiveness to external stimuli, cells were incubated with either an anabolic (IGF-I) or catabolic (AICAR) agent. As expected, incubation of control myocytes with IGF-I increased protein synthesis, whereas AICAR inhibited protein synthesis (Figure 2A (Figure 2B ). For example, IGF-I increased phosphorylation of mTOR (S2448), S6K1 (T389), eIF4B (S422), Akt (S473) and PRAS40 (T246), whereas AICAR increased phosphorylation of raptor (S792) and AMPK (T172) in both control and Deptor KD cells.
Deptor KD Increases Myoblast Size and Proliferation
On the basis of previous data, we hypothesized that Deptor KD would also increase myoblast size. Deptor KD increased the diameter (17.0 ± 0.1 μm) of low passage proliferating (~60% confluent) myoblasts, compared with scramble control cells (15.3 ± 0.1 μm), as measured using either the Coulter Counter particle size analyzer ( Figure 3A) or FACS flow cytometry analysis ( Supplementary Figure S1 ). Mean cell volume was also increased in myocytes with Deptor KD (Figure 3B ). When both cell types were seeded at the same low initial density, the initial rate of proliferation between day 0 and day 4 did not differ between control and Deptor KD cells. However, at days 6 and 8, the cell number was greater in cells with Deptor KD, compared with timematched control cells ( Figure 4A ). To exclude variations in the ability of the cell types to attach to the plates, cells were seeded and counted 4-8 h after seeding to allow for attachment. An equal number of cells were harvested after trypsinization in both the control and Deptor KD condition, suggesting no significant difference in the ability of these cells to attach to the culture plates (data not shown). To confirm that the proliferation rate of Deptor KD cells was faster, we used an independent colorimetric assay on the basis of the conversion of the MTT tetrazolium salt to its formazan product. Consistent with the above data, the MTT assay revealed that Deptor KD increased the rate of proliferation by ~20% ( Figure 4B ). Apoptosis poses another potential mechanism that may affect cell number and thus proliferation; however, Western analysis for the apoptotic markers cleaved caspase-3, and PARP did not differ between groups under our experimental conditions (Supplementary Figure S2 ).
Deptor Knockdown Enhances Cell Cycle Progression
To address the underlying mechanism by which Deptor KD increased prolifera- Western blots for various total and phosphorylated proteins, where cells were treated as described above, except that the isotope was omitted. The blot is representative of at least three independent experiments with two to four replicates per experiment. Table 2 ). We assessed whether proteins regulating the cell cycle, especially the G 1 to S transition, were concomitantly altered. Figures 5C and D illustrate an increased S807/S811 phosphorylation of pRb consistent with increased progression from the G 1 to S phase in myoblasts with Deptor KD. To further accentuate differences in the cell cycle, we also synchronized cells by serum starvation. After G 1 /G 0 arrest, cells were released by the addition of serum and cells were analyzed once again at 16 h using flow cytometry. Figure 6A shows that Deptor KD dramatically increased the percent of cells in the S-phase of the cell cycle after serum stimulation, compared with time-matched scramble control myoblasts. This change in cell cycle after arrest and release was verified by Western analysis for pRb phosphorylation ( Figure 6B ). We also performed Western blot analysis for proteins crucial for cell cycle regulation (namely, p21, p27, p53, cdk-2, cdk-4, cdk-6 and cyclin D1) and found no change between control and Deptor KD myoblasts (Supplementary Figures S3A, B) .
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Deptor KD Alters Myogenesis
Our data demonstrate the presence of a concomitant increase in proliferation and altered cell cycle in Deptor KD myoblasts. Because mTOR also regulates autophagy, which in turn plays an impor- Figure 4 . Effect of Deptor KD on C2C12 myoblast proliferation. Proliferation rate was determined in stably transfected myoblasts with scramble and Deptor KD. Myoblasts were seeded at the same density and counted using the Coulter Counter, as described in Materials and Methods. Time intervals are indicated; n = 6 for each treatment time point; experiments were repeated at least three times. *P < 0.05, compared with the time-matched control value. (B) Proliferation rate was measured using an independent MTT assay. Cells were treated with MTT for 4 h, and formazan produced was measured colorimetrically. Bar graph is mean ± SE; n = 16-18 for each condition, *P < 0.0001; experiments were repeated at least three times. tant role in cell differentiation (33, 34) , we determined the expression of proteins important in regulating autophagy and found that there was no difference in LC3B-II/LC3B-I ratio between control and Deptor KD myoblasts (control = 100 ± 8 AU; Deptor KD = 116 ± 10 AU) under normal physiological conditions (Supplementary Figure S4) .
Next, we determined whether such changes in altered cell cycle and proliferation might be of physiological relevance to skeletal muscle development. In this regard, we seeded the same number of myoblasts and tracked their progression to form myotubes ( Figures 7A, B) . We observed that Deptor KD cells reached confluent status earlier than control cells. To quantitate these findings, cell lysates were collected at various stages of myocyte development to measure the expression of MHC, a protein expressed only in differentiated matured myotubes. In control cells, MHC expression was absent in myoblasts (day 3), and MHC expression in control cells was first detected on day 7 ( Figure 7B ). In contrast, in cells with Deptor KD, MHC could be detected on the blots by day 5. By day 9, both scramble control and Deptor knockdown cells exhibited MHC expression, with the content of MHC being increased in the Deptor KD cells (see Figures 7A, B) . The protein content of the muscle transcription factor MyoD (used as an additional internal control) did not differ between scramble control and Deptor KD cells ( Figure 7B ).
Deptor KD In Vivo Prevents Muscle Loss Due to Immobilization
To determine the effect of Deptor KD on muscle growth in vivo, we electropo- Figure 7 . Effect of Deptor KD on C2C12 differentiation. (A) Myoblasts were transfected with either control (scramble) shRNA or shRNA targeting Deptor. Cells were plated at the same density and photographed daily (10× objective magnification) to visually record changes in cell proliferation (time to reach confluence) and formation of myotubes. On days 3-4, when the plates were confluent, the media were switched to 2% horse serum (DM = differentiation media) to induce myotube formation. Deptor KD in C2C12 myocytes enhances MHC protein expression. (B) Representative Western blots for Deptor protein, MHC and the muscle-specific transcription factor MyoD in samples treated as in A. β-Tubulin serves as a loading control. Figure 6 . Effect of Deptor KD on cell cycle regulation. Control and Deptor KD myoblasts were grown in DMEM supplemented with 10% FBS overnight to 50-60% confluency. Myoblasts were then serum starved for 18-24 h in serum-free DMEM to arrest them in the G 1 to G 0 phase. Serumstarved myocytes were then released from the cell cycle arrest by the addition of fresh media containing 10% FBS. At 16 h, these proliferating cells were fixed. (A) Bar graph shows the percent of cells in the S-phase of the cell cycle in serum-starved cells (0 h) and after addition of serum (16 h); mean ± SE; n = 5-6 for each condition. *P < 0.05, compared with timematched control values. (B) Western blot of samples (normalized to total protein content for loading) as described above. Blots were probed with total Deptor antibody (top band) and with phosphospecific antibody to detect phosphorylation on S807/S811 of pRb protein (middle band). The lower band was probed with β-tubulin to confirm equal loading. Figure 8A ). The hallmark of disuse atrophy is loss of muscle mass in the immobilized leg compared with the contralateral control leg. Figure 8B illustrates the decreased muscle mass after 3 days of hindlimb immobilization in the control animals and prevention of this atrophic response in the muscle where Deptor was decreased. In vivo-determined rates of protein synthesis were also quantitated in these same muscles ( Figure 8C) . In control muscle, there was no difference in protein synthesis in the gastrocnemius injected with scrambled control and Deptor KD plasmid. In contrast, in the immobilized leg, Deptor KD prevented the decreased rate of protein synthesis. The delta for decrement in protein synthesis between control versus immobilized muscle was significantly greater in control (1.27 ± 0.14 nmol Phe/h/mg protein) compared with Deptor KD (0.34 ± 0.16 nmol Phe/h/mg protein).
DISCUSSION
Deptor was recently identified as an mTOR binding protein. Using RNA interference (RNAi), this mTOR-interacting protein was reported to negatively regulate both mTORC1 and mTORC2, as evidenced by increasing phosphorylation of known substrates. Whereas the role of Deptor has been studied in cancer and other transformed cell lines using short-term transient RNAi transfections (15, 35) , its role in regulating long-term mTOR-mediated events in skeletal muscle is not known. Moreover, as mTOR regulates multiple metabolic processes such as protein synthesis, cell size (growth), cell cycle, proliferation and development, we posited that decreasing Deptor would affect one or more of these mTOR-mediated events. Therefore, the purpose of our investigation was to ascertain the role of Deptor in mTOR-mediated events in skeletal muscle, and, to this end, we generated C2C12 myoblasts that had a stable KD of Deptor mRNA and protein expression. Deptor KD by ~90% in vitro increased protein synthesis by ~50% in myoblasts. Our data are consistent with the fact that Deptor is not the only regulator of protein synthesis. Protein translation initiation, being an energyconsuming process, has multiple regulatory mechanisms, and it is anticipated that KD of Deptor would activate such mechanism(s) that would restrain changes in protein synthesis. Such compensatory changes could in part explain the discordance between the percentage of Deptor KD and the percent increase in protein synthesis. Consistent with our data, rapamycin and Torin-1 (for example, both mTOR inhibitors) also suppress protein synthesis ~50% (36) . Alternatively, whereas protein synthesis is regulated primarily at the translation initiation step, other steps such as elongation and termination also influence protein synthesis. Therefore, the observed difference in percent of Deptor KD and the percent increase in protein synthesis in vitro is within the expected range. Previous reports have used the phosphorylation of T389-S6K1 and T37/46-4E-BP1 (surrogate markers of mTORC1) and S473-Akt (mTORC2 substrate) to implicate Deptor as a putative negative regulator of mTOR, and such results are confirmed in the present study. This information appears to be the first report of Deptor KD on protein synthesis per se.
We postulated that Deptor KD would increase the anabolic and decrease the catabolic response of myocytes. Unfortunately, the data generated in this regard are equivocal and open to divergent interpretation. For example, whereas IGF-I increased protein synthesis in both control and Deptor KD cells, both the percent and absolute increase in protein synthesis appears reduced in KD cells. However, this conclusion has two caveats: (i) protein synthesis in the basal and IGF-I-stimulated condition was determined in different cells, and it is therefore not possible to calculate a standard error and hence perform a statistical Figure 8 . Effect of in vivo Deptor KD on skeletal muscle weight and protein synthesis. Gastrocnemius of C57/BL6 mice were electroporated with plasmids containing either scramble (control) shRNA or shRNA targeting Deptor mRNA. (A) Three days after electroporation, the animals were anesthetized and the muscle was excised and homogenized, and mRNA in the homogenate was quantified using real-time PCR. The bar graph shows Deptor mRNA content normalized to rpL32, which serves as an endogenous control. Data are mean ± SE; n = 5-6 for each condition. *P < 0.05, compared with control values. (B) Animals were treated as described above, and then immediately after electroporation, one hindlimb was immobilized to induce disuse atrophy, as described in Materials and Methods. At day 3, muscles were excised. B shows muscle weight and C shows the in vivo-determined rate of protein synthesis. For (B) and (C), values are means ± SE; n = 9-10 for each condition. Means with different superscripts (a, b and c) are significantly different (P < 0.05). Immob, immobilization.
analysis on the incremental change, and (ii) data interpretation may be further complicated by a "ceiling effect" present in the Deptor KD cells stimulated with IGF-I. Our supporting Western blot data, which show comparable phosphorylation of AKT, PRAS40 and S6K1 in control and Deptor KD cells, suggest that IGF-I responsiveness is largely unchanged between the two groups. In contradistinction, our data could also be interpreted to indicate that Deptor KD actually increases the maximal responsiveness of cells to IGF-I, since the absolute rate of protein synthesis is higher in Deptor KD cells than in control cells. Such an interpretation is possible because the IGF-I concentration used in the current study was purposefully selected to be maximally stimulating. Resolution of this issue will require complete dose-and time-response studies in both control and Deptor KD cells. Similar difficulties in data interpretation are encountered in evaluating the response of two groups to the catabolic agent AICAR.
Cell growth is a reliable indicator of increased mTOR activity in a variety of cell types (37, 38) ; therefore, we studied the impact of decreasing the cellular content of Deptor. Typically under normal physiological conditions, cells must attain a genetically determined set size before they can replicate and divide, thus ensuring that the daughter cells are of an appropriate size after mitosis (39, 40) . This regulation of growth and cell division is lost under some disease states (for example, cardiac hypertrophy and cancer) or artificial (for example, use of certain pharmaceutical agents) conditions. mTOR plays an important role in regulating cell growth (40) . In this context, knockdown of Deptor in MEF and HeLa cells increases cell size (15) . Consistent with this report, Deptor KD in myoblasts also increased cell size and was associated with a coordinate increase in the rate of proliferation, compared with control cells. Thus, our data provide support to the previous report, suggesting that Deptor functions as a negative modulator of mTOR function in regulating cell size (15) .
One potential explanation for the increased cell number in myoblasts with Deptor KD could be their resistance to undergo apoptosis, as previously demonstrated using a different cell line (15) . In a subset of myeloma in which Deptor is overexpressed, this protein decreases apoptosis; this response is in contrast to its activity as a negative regulator of mTOR (15, 35, 41, 42) . Akt regulates and promotes cell survival via the serum/ glucocorticoid regulated kinase 1 (SGK1) (mTORC2 substrate), and because Deptor KD activates Akt, we queried whether myocytes with Deptor KD were resistant to apoptosis. Activated mTOR phosphorylates and inhibits signals to the pro-apoptotic proteins, such as caspase-3, which play a critical role in induction of cellular apoptosis. Using the cleavage of caspase-3 and PARP, which are reliable markers of apoptosis, our data suggest there is no difference in the ability of control and Deptor KD myoblasts to undergo apoptosis under normal growth conditions. Therefore, our observed difference in proliferation rate could not be attributed to a change in apoptosis.
mTOR is also central in regulating cell cycle, as evidenced by the ability of the mTOR inhibitor rapamycin to arrest cells in the G 1 phase (37, 39, (43) (44) (45) (46) (47) . Furthermore, arresting cells in G 1 /G 0 by serum starvation suggests that the mTOR signaling pathway regulates cell growth and cell cycle progression in response to nutrient availability (48) (49) (50) (51) . Propidium iodide staining of asynchronous myoblasts revealed that Deptor KD decreased the proportion of cells in the G 1 /G 0 phase, compared with scramble control. Further, the proportion of Deptor KD myocytes in the active S phase was increased when determined under conditions in which the cell cycle was synchronized and then released from cell cycle arrest. Collectively, these data suggest Deptor is required for mTOR activity in regulating cell cycle and that Deptor KD enhances myoblast cycle progression, consistent with its role as a negative regulator of mTOR activity. However, we cannot exclude the possibility that the reduction of Deptor alters cell cycle kinetics by an undetermined mTORindependent mechanism.
Because Deptor KD decreased the percentage of cells in the G 1 /G 0 phase and concomitantly increased the number of cells in the active S phase, we focused on elucidating the potential mechanisms. mTOR can regulate cell cycle progression by a rapamycin-sensitive pathway by promoting RNA polymerase I and III activity via phosphorylation and inactivation of retinoblastoma protein (pRb) (52, 53) . In addition, rapamycin also prevents the mitogen-induced downregulation of the cyclin-dependent kinase inhibitor p27 (54) . The pRb regulates G 1 exit in the cell cycle. Upon mitogenic activation, pRb is phosphorylated, resulting in disruption of pRb binding to the E2F transcription factor, thus allowing transcription of proteins that are essential to cell cycle regulation and transition from G 1 to S phase. We detected an increase in phosphorylation of pRb S807/S811 concurrent with increased progression from the G 1 to S phase (55, 56) . Because Deptor KD increases Akt activity (15), we also studied this pathway, since it might affect the cell cycle by modulating glycogen synthase kinase (GSK) activity. Because GSK3 has been implicated in regulating cell cycle via cyclin D1, and cyclin D1 mediates pRb phosphorylation (57-60), we examined the effect of Deptor KD on these proteins. The role of cyclin D1, p53, p21, p27, cdk-2, cdk-4 and cdk-6 in mTORmediated cell cycle regulation is controversial. Whereas Muise-Helmericks et al. (57) implicated cyclin D1-mediated pRb phosphorylation, Faber and Chiles (61) reported changes in cell cycle regulation independent of these regulatory proteins. In contrast to previous observations by Muise-Helmericks et al., we did not detect a change in the total amount of p21, p27, p53, cdk-2, cdk-4, cdk-6 or cyclin D1 (Supplementary Figure S3) , suggesting that under our specific experimental conditions and cell type, Deptor KDmediated regulation of G 1 to S phase does not involve a major role for these regulatory proteins. Our data support changes in cell cycle kinetics without changes in these regulatory proteins, as reported by Faber and Chiles (61) . We cannot exclude the possibility that there may yet be other pathways involving pRb that are independent of cyclin D1. One such mechanism involves the stressregulated mitogen-activated protein kinase p38, which phosphorylates pRb in a cell cycle-independent manner (62) .
To determine the effect of Deptor KD on myotube formation and myogenesis and whether Deptor KD would enhance myoblast fusion, we monitored myotube formation. Time-lapse imaging and Western analysis for MHC (a marker for matured myotubes) indicated that knockdown of Deptor in C2C12 myoblasts enhanced myotube formation. Additionally, the lack of change in the MyoD content between the two groups suggests that differentiation stimulated by Deptor KD does not affect the expression of the MyoD transcription factor, thereby suggesting a different mechanism. Autophagy is another mTOR-regulated cellular event that plays an important role in differentiation of myoblasts to mature myocytes (63) (64) (65) (66) . Our results indicate that Deptor KD does not alter autophagy in C2C12 myoblasts under normal physiological conditions. Collectively, these changes suggest Deptor regulates muscle proliferation and differentiation via regulation of cell cycle regulatory proteins.
Finally, we also determined whether the reduction in Deptor in vivo was capable of altering muscle protein synthesis and mass. To this end, the gastrocnemius was electroporated with the same plasmid construct used in our cell culture model. Using this technique for gene transfer, Deptor mRNA was decreased 50%. The exact mechanism for the smaller decrease in Deptor KD in vivo versus in vitro is not known but may include the following: (a) The in vitro KD of Deptor was determined in myocytes after stable integration using puromycin selection, whereas the in vivo KD was relatively transient (3 days). (b) Probably most important, not all fibers take up the shRNA targeting Deptor when transfected in vivo. (c) The in vitro response does not have the same hormonal, mechanical or neural influences, as would be present in vivo. Finally, the in vitro protein synthetic response was measured in myoblasts, whereas the in vivo response was determined primarily in myotubes, which are differentiated postmitotic cells. In contrast, reducing Deptor largely prevented the atrophic response produced by immobilization, and, in part, this response was mediated by an increased muscle protein synthesis. In summary, our data suggest that reducing Deptor is sufficient to prevent an atrophy-mediated decrease in muscle protein synthesis and muscle mass.
Understanding the role of Deptor in myocyte cell cycle and proliferation and the ability of this protein to regulate protein synthesis in vivo as described may prove important in designing new strategies to manage the muscle-wasting associated with catabolic insults such as sepsis, alcohol abuse and aging.
